Description of lesions and clinical correlations

Sequences
T2-weighted hyperintense lesions (long T2 sequences and proton density sequences):
MS lesions mainly appear as white matter areas of increased signal intensity compared to the surrounding grey and white matter (see examples in chapter 'appearance of lesions').
They can be seen in T2 long, in T2 short (proton density) and in FLAIR sequences but are best identified in T2 short sequences where the CSF appears isointense to the white matter whereas the lesion itself appears hyperintense. FLAIR sequences allow the detection of up to 30% more cortical and subcortical lesions, however, for technical reasons, less lesions are detected in the posterior fossa.
Acute T2 hyperintense lesions tend to increase in size during the first week of appearance and to decrease as soon as the concomitant edema is resolving. They have no space occupying effect, except in very large lesions. Cross sectional studies have shown a weak correlation between the total lesion load on T2w images and clinical disability (EDSS). Longterm follow up studies have failed to demonstrate a correlation with progressing disability. Due to the different signal intensities of the lesions, it is impossible to discriminate between specific structural changes such as demyelination, inflammation, edema, axonal damage or gliosis. In spite of T2w hyperintense lesions being unspecific, they are useful for diagnosing MS due to their typical appearance and location as well as for monitoring lesion load (T2 volume) in follow up examinations.
T1-weighted hypointense lesions
Black holes are areas appearing hypointense in T1w images compared to the signal intensity of the surrounding white matter and isointense or hypointense compared to the grey matter (see examples in chapter 'appearance of lesions'). They are spatially associated to lesions which appear hyperintense in T2w images, but they tend to be smaller. The so-called "chronic black holes", keeping hypointensity for longer than 6 months, represent axonal loss and severe demyelination. Remyelination in those lesions occurs very rarely. The T1 hypointense lesion load correlates with the clinical disability score (EDSS).
T1-weighted enhancing lesions
Acute inflammatory lesions show contrast enhancement after Gadolinium (Gd) injection (see examples in chapter 'appearance of lesions'). Due to an impaired blood-brain-barrier, the contrast is transferred into the inflamed brain tissue. Contrast enhancement therefore represents inflammation and demyelination. Enhancement of an acute lesion lasts as long as the blood-brainbarrier is open, i.e usually not longer than four to six weeks in patients without special therapy. In the acute state, Gd-enhancement is dense and homogenous. During restoration of the blood-brain-barrier, the pattern changes from homogenous to ring-like or spotlike enhancement. Gd-enhancing lesions are seen 8-10 times more often than clinically recognized relapses occur.
SUMMARY -The diagnosis of Multiple Sclerosis (MS) is based on clinical findings that are characterized by
sudden neurological deficits in different parts of the CNS. Dissemination of lesions in space and time is the basic criterion. MRI can demonstrate most precisely any changes in the water content of brain tissue thus making it a very sensitive diagnostic tool to detect inflammatory processes like MS plaques. The following will briefly summarize the diagnostic features and procedures and will assess the appearance of typical MS lesions, their localization and configuration, which are essential for diagnosis and follow up examinations. It will propose the preferred sequences and technical parameters for standardized baseline examinations and follow-ups.
Appearance of lesions T2-weighted hyperintense lesions
Appearance of hyperintense lesions may vary a lot: There are oval or round, long perivenous, vascularshape-like lesions (especially in the ventricular walls/ ependyma), diffuse hyperintense lesions with ill-defined edges (especially around the frontal and occipital and temporal horn) and confluent large ill-defined lesions with some hyperintense bridges. Some acute new T2 lesions show an isointense ring being surrounded and filled by areas of high signal intensity.
In general, the signal intensity of T2w lesions is unspecific and represents a variety of structural changes (figures 1, 4).
T1-weighted hypointense lesions
T1 hypointense lesions are often difficult to assess because their edges are sometimes hardly visible. In case of a chronic lesion, the edges are sharp, with sufficient contrast to the surrounding tissue. Weak hypointensity, however, causes ill-defined edges. Note:
Only lesions that can clearly be separated from the surrounding tissue should be counted!
T1-weighted enhancing lesions
Acute MS lesions show dense homogenous Gd-enhancement after contrast injection, they are usually round with sharp edges and have no space-occupying effect. Subcortical lesions may involve the gyri and also show enhancement of the grey matter.
Subacute Gd-enhancing lesions appear ring or ringlike and may show a patchy enhancement.
T2 hyperintense lesions, T1 hypointense lesions and T1 lesions with Gd-enhancement should always correspond to each other in the different sequences, i.e. T1 hypointense areas should always have an analogue in T2w images (figures 3, 5).
Typical localizations of lesions
Typically, lesions are located in the periventricular space, in subcortical areas, in the corona radiata. The most specific areas are corpus callosum, spinal cord, brain stem and cerebellum. Lesions in cortical structures and deep grey matter do occur, but they represent merely approx. 10% of the total lesion load detected by MRI. Lesions in grey matter areas have reduced inflammatory cell contents. Cortical lesions are best seen in FLAIR sequences. In the brain stem lesions are often located at the base of the fourth ventricle, in the cerebellar peduncle and at the upper part of the pons. Infratentorial lesions have an important impact on disability development, their usual location being brain stem and cerebellum, in particular in patients with clinically isolated syndromes
Pitfalls and differential diagnosis of MS lesions
Pitfalls
Since the appearance of lesions is very unspecific, pitfalls might occur due to partial volume effects or by given anatomical structures. These hypo-or hyperintense areas are, depending on the type of sequence, detected in areas of the subarachnoid space, especially in the ambient cistern, the interpeduncular cistern, the supracerebellar cistern, the temporal and occipital lobe, the periventricular space and the lateral ventricles.
In order to avoid pitfalls, it is necessary to carefully consult the neighbouring slices as well as the corresponding areas in other sequences and to compare the lesion with those found in previous examinations (figure 5).
Partial volume effects can be detected by comparison with bordering or coronar slices. Different sequences should be consulted. FLAIR sequences allow a better distinction between the different types of lesions. Window/center changes improve the depiction of line artefacts and artefacts of movements. There are other artefacts due to differing equipment and sequences, which are neglected here ( figure 7) .
Differential diagnosis
Differential Diagnosis should particularly consider signal intensity, localization, space-occupying effect, contrast enhancement of the lesions and the patient's medical history (typical relapsing-remitting clinical course of the disease). Multiple T2-hyperintense areas may occur in other diseases of the CNS: -Vascular diseases -Infectious/autoimmune diseases -Tumors/metastases -Metabolic/toxic syndromes Those lesions differ in size, localisation, shape, pattern and timepoint of contrast enhancement. Often the space-occupying effect leads to correct diagnosis. Clinical history and neurophysiological data are also helpful for finding diagnosis.
MS lesion /PML differentiation
Due to new therapies with monoclonal antibodies, the complication of JC Virus infection may occur, implicating evidence of progressive multifocal leucoencephalopathy (PML).
Since early diagnosis is essential and lesions are, at least in the beginning, difficult to distinguish from MS plaques, the following features are aimed at facilitating distinction between those lesions and MS lesions:
MS PML
Location of new lesions
Mostly focal, may affect entire brain and spinal cord, in white and possibly in grey matter;
Posterior fossa lesions rarely seen 
Recommendations for MRI examinations in MS
General recommendations, technical parameters MRI system 1Tesla or more (better depiction of MS lesions); higher field strength will depict more lesions, therefore, this has to be considered in follow-up studies and upgrading of soft-and hardware.
Slice thickness
-3 mm/no gap; -3 mm slice thickness seems to be optimal for a sufficient S/N ratio as well as for small lesion detection. Lesions, smaller than 5 voxels, should not be counted, because of possible artefacts in signal variation. 'No gap' is essential for lesion counting and lesion volume measurements, in particular in MS studies.
Slice orientation
-subcallosal line (deliniating the genu and the splenium of the corpus callosum); -easy to find and helpful for recognizing brain structures. Maintain the same slice orienation for all your examinations.
Pixel 1 mm 2 .
Coils
• head and neck coil for the brain, phase array coil for the spinal canal; -use head and neck coil for examining the caudal part of the medulla oblongata and the upper cervical part -3Tesla: If multichannel (4, 8, 12, 16,32…) is used, correct scans with PURE (GE), CLEAR (Philips) and PRESCAN NORMALIZE (Siemens) turned on. Only apply post-processing filters which are associated with calibrations scans (e.g. do not use SCIC on GE machines). Do not use SENSE/ ASSET/ iPAT factor.
Frequent artefacts
See figure 6.
Improvement of MR quality
• flow compensation;
absolutely essential to reduce artefacts which could mimic MS lesions • avoiding half -Fourier analysis;
time-saving and significant improvement of S/N ratio • identical positioning of head coil; • turning on normalization filter for multichannel coils; • covering entire brain; please be aware that small lesions may be missed otherwise • phase encoding ( figure 7) ; phase encoding left to right is preferred (artefacts are reduced as compared to the anterior/posterior direction) -eye movement may produce difficult artefacts.
Sequences
The following sequences are especially appropriate for MS examinations. They can be modified depending on the scanner and the local conditions.
3 Plane Localizer True midline sagittal • Axial T1w SE pre Gd TR: 500-700 ms TE: 10-20 ms Gadolinium Injection • Axial PD/T2w FSE/TSE TR : 2800-3800 ms TE1: 10-45 ms TE2: 80-120 ms • Axial T1w SE post Gd • FLAIR TR: 7000-9000 ms TE: 100-160 ms TI: 2500 ms Spin echo (SE) and turbo spin echo (TSE) sequences are the method of choice in T2w examinations. Both show the same number of lesions, but TSE sequences are considerably shorter. In the FLAIR sequence, the discrimination of periventricular lesions from CSF is evident and the sensitivity for MS lesion detection in the grey matter is considerably higher than in conventional spin echo sequences.
A disadvantage of FLAIR sequences are discontinuous slices and pronounced artefacts impeding the assessment and detection of MS lesions. Additionally, the detection of lesions in the posterior fossa and the spinal canal is more difficult compared to conventional spin echo sequences. Sagittal FLAIR shows MS lesions in the corpus callosum excellently (figures 8, 9) .
Guidelines for positioning and repositioning in followup examinations 1) Perform transverse localizer: Use the interhemispheric fissure as an internal landmark and prescribe coronal slices perpendicular to it.
2) Perform coronal localizer: Use the interhemispheric fissure as an internal landmark for the saggital images and define the center line on this structure.
3) On the saggital view prescribe axial slices along the lower border of genu andsplenium of corpus callosum 4) Make sure the complete slicegroup covers the whole brain ( figure 8 ).
Follow-up examinations
Comparable MR examinations are absolutely essential to assess the course of the disease Follow up examinations are more time consuming than the initial one as exact repositioning is of vital importance. Identical placement of the planes is crucial and best achieved by 3 D localization Identical MR parameters and window/ center are required.
Tissue contrast (grey/white matter and CSF) ( figure 9 ).
Standardized Protocols
The following protocols are the result of a consensus meeting held in Vancouver in 2007 (www.mscare.org/ expert/article.cfm). They are suggestions to achieve a similar quality of examinations in MS throughout the world.
General recommendations for all MR examinations in MS
1. Preparation of iv injection 2. Place the patient into the MRI scanner as comfortable as possible (leg support) • Gadolinium: single dose (0.2 ml/kg with no maximum, for all brands except 0.1 ml/kg for Gadovist). Note: observe site policy regarding contraindications to gadolinium • use same brand of contrast • patient stays in bore of the magnet for injection • long bore magnet will require longer IV tubing; Eg. 2.7 M = 270 cm or 105 inches 3. Give sedatives if the patient has involuntary movements or claustrophobia 4. Localiser sequences, positions of plane 5. T1-weighted 6. Injection of contrast agent; during injection you may start with T2 sequences 7. PD, T2 long 8. T1 weighted post Gad. 
Image Quality Assessment:
1) Adequate head coverage 2) Correct standardized protocol 3) Good repositioning, always compare with previous examinations 4) Artefacts a) Flow b) movement c) coils d) filed homogeneity 5) optimal distinction a) grey/white matter b) well defined boundaries (Brain/CSF) 6) Optimal signal to noise ratio (SNR)
Conclusion
For diagnosing Multiple Sclerosis as well as for monitoring disease progression with MRI it is absolutely necessary to determine both the number of le- 
